ABSTRACT. Hyperspectral images of cucumbers were acquired before and during cold storage treatment as well as during subsequent room temperature (RT) t is well known that many fruits and vegetables are sensitive to chilling and are damaged during the storage and transportation process at low temperatures. Cucumber is one of such produce and is apt to suffer chilling injury from relatively short periods of time at low temperatures. The major symptom of chilling injury in cucumber is surface pitting, which is then followed by water soaking associated with tissues collapse and shriveling. Extensive decay occurs when chilling injured cucumbers are returned to warmer temperatures, and damaged areas can become sites for further fungal decay and bacterial infection. Accumulated bacterial pathogens from these areas can be transmitted to humans by consumption of uncooked or mishandled cucumbers.
Chilling injury is of great concern to the fruit and vegetable industry because it can not only affect the safety/quality grade of the produce, but also cause significant economic losses. Hence, a variety of methods have been used to reduce the occurrence of chilling injury for cold-sensitive fruits and vegetables. These techniques include low temperature preconditioning, intermittent warming, waxing, genetic modification, and chemical treatments (Wang, 1993) . Nevertheless, the development of rapid, non-destructive, and accurate techniques that are suitable for on-line and at-line operations is critical to increase the efficiency of cucumber safety/quality evaluation. Hyperspectral imaging spectroscopy can be the basis for the development of such techniques due to its non-invasive nature and capacity for large spatial sampling areas.
Hyperspectral imaging spectroscopy, which combines the features of imaging techniques and vibrational spectroscopy in the visible, near-infrared (NIR) and mid-infrared (IR) regions, has been developed as an inspection tool for quality and safety assessment of a number of agricultural and food products. Successful applications include the classification of chicken carcasses into wholesome and unwholesome classes (Lu and Chen, 1998) , the detection of bruises and defects on apples (Lu, 2003; Lu et al., 1999; Mehl et al., 2002) , and the determination of fecal contamination on apples and chicken carcasses Lawrence et al., 2001; Mehl et al., 2004) . However, hyperspectralimaging technology currently cannot be directly implemented in automated on-line systems because current image acquisition and data analysis speeds are too slow for on-line operations.
To design rapid sensing instruments, namely multispectral imaging systems, several essential spectral bands (usually two or three) are first sought through a variety of strategies, such as through the analysis of spectral differences in conventional visible/NIR spectra (Liu et al., 2003) , the use of principal component loadings of principal component analysis (PCA) with conventional visible/NIR spectra , the visual observation of separation/contrast on images given different pre-processing treatments (Mehl et al., 2004) , and the use of PCA on hyperspectral imaging data Mehl et al., 2004) . The selected wavebands should not only reflect the chemical/physical information in samples, but also maintain successive discrimination and classification efficiency.
The objectives of this study were: (1) to obtain the characteristic bands for chilling damaged cucumbers from region of interest (ROI) spectra in the 450-to 950-nm region, (2) to develop simple spectral waveband algorithms for the detection of chilling injury in cucumber from ROI data, (3) to validate the classification results using PCA, and (4) to apply the optimum algorithm for the analysis of hyperspectral images of cucumbers. The ultimate purpose was to lead to the development of faster and more efficient multispectral technique for real-time inspection of chilling injuries and defects for cucumber safety and quality.
MATERIALS AND METHODS

CUCUMBERS AND CHILLING/POST-CHILLING TREATMENTS
Ninety-eight commercial-ready cucumbers were freshly picked from a farm in Beltsville, Maryland, during the 2002 harvest season. Only cucumbers that were free of damages, according to visual inspection, were used for the study. Ninety cucumbers were randomly subdivided into 30 groups of three cucumbers each, and each group was placed in a plastic bag punched with small holes to allow for air circulation. Fifteen groups were designated for cold storage at 0°C and the other 15 at 5°C, over a period of 15 days in two temperature-controlled and darkened storage rooms. Prior to the cold storage treatments, hyperspectral images were collected for all cucumbers. On each of the 15 days, one group was taken from each of the two cold storage rooms and moved to an air-conditioned laboratory maintained at a room temperature (RT) of 18°C to 20°C, where hyperspectral images were collected for the newly moved cucumbers. After scanning the images, the cucumbers were subsequently stored in this room for the remaining duration of the experiment. Also, on each day, hyperspectral images for all cucumbers previously moved to the RT laboratory were collected. The last two groups were moved to RT after 15 days of cold storage, and RT image collection for the cucumbers continued for 6 days afterwards. In addition, hyperspectral images were collected each day for eight cucumbers, in four groups of two cucumbers each, that were stored at RT in the laboratory for the entire duration of the experiment as control samples.
HYPERSPECTRAL IMAGING ACQUISITION AND ROI SPECTRA
A hyperspectral imaging system developed by the USDA Instrumentation and Sensing Laboratory was used to scan the cucumbers (Kim et al., 2001 ). It used a charge coupled device (CCD) camera system Spectra Videot Camera (PixelVision, Inc., Tigard, Ore.) equipped with an imaging spectrograph SPECIM ImSpector version 1.7 (Spectral Imaging Ltd., Oulu, Finland). It was operated in a line-by-line scan mode, resulting in an image cube of 460 × 300 spatial and 112 spectral bands for each group of cucumbers. The spectral wavelength range was 447 to 951 nm with a 4.5-nm interval. Two 21-V, 150-W halogen lamps (Dolan-Jenner Industrious Inc., Lawrence, Mass.) were applied to provide the illumination for image collection. A Spectralont white reference panel with nearly 99% reflectance (Labsphere, North Sutton, N.H.) was employed as a reference. The camera dark image and the white reflectance image were recorded prior to the acquisition of the hyperspectral images of the cucumbers each day. During the scanning process, room lights were turned off to prevent interference from ambient light.
From each of cucumber images, three regions of interest (ROIs) were chosen from three different types of cucumber surfaces: (1) good-smooth skins (including fresh cucumbers prior to any cold storage treatments, control cucumbers that were constantly maintained at RT storage, and cucumbers that were given 0°C or 5°C cold storage treatments followed by 0 to 7 days of post-chilling RT storage); (2) good-bumpy skins (cucumbers just removed from 0°C chilling storage); and (3) chilling injured skins (cucumbers that were given 0°C or 5°C cold storage treatments followed by 0 to 7 days of post-chilling RT storage). Symptoms of chilling injury developed after cucumbers were moved into the warmer RT environment. It was observed that at the 7 th day of post-chilling RT storage, cucumbers exhibited representative areas of degradation/damage caused by chilling injury, regardless of the length of time spent in cold storage at either 0°C or 5°C. Hence, chilling injured areas were determined visually from black spots visible on hyperspectral images from the 7 th day of post-chilling RT storage, and then tracked back to the images collected on the 1st day of measurement (0 day post-chilling RT storage). ROI areas, varying in size from 16 to 100 pixels, were selected by using the rectangle and drawing point modes of ENVI software (Research Systems Inc., Boulder, Colo.). The mean ROI reflectance spectra were obtained for further data analysis.
PCA OF ROI SPECTRA
To apply the PCA method, ROI spectra representing good and injured cucumber skins were first selected. Then PCA 2-class models were developed in different spectral regions, with spectral pretreatments of either multiplicative scatter correction and mean centering (MSC + MC), or multiplicative scatter correction and mean centering and also SavitzkyGolay second derivative function with 2 polynomial degree and 11 smoothing points (MSC + MC + 2 nd derivative). The analysis was performed by using the PLSPlus/IQ package in Grams/32 (Version 5.2, Galactic Industrious Corp., Salem, N.H.). One-out cross-validation was used as the validation method. Classification models were established using two classes, good and injured, based on SIMCA (Soft Independent Modeling of Class Analogy) of PCA with a Mahalanobis distance and a residual spectral measurement (Galactic Industrious Corp., 1996) 
ANALYSIS OF HYPERSPECTRAL IMAGES
In-house laboratory-developed software (Kim et al., 2001 ) and the commercial ENVI 3.2 software package (Research Systems, Inc., Boulder, Colo.) were used for the analysis of hyperspectral images. Prior to algorithm and PCA image analysis, images at 620 nm were processed with binary function at a threshold of 0.75% of reflectance intensity to create a mask for the cucumber surface in each image. The threshold value was determined by visual observation so as to exclude the image of background material. Figure 1 shows the representative images, at 675 nm (upper) and 756 nm (lower), of a cucumber at the stages of (a) 0-day, (b) 3-day, and (c) 7-day post chilling RT storage after an 8-day period of 0°C cold storage treatment. Different degrees of decay and multiple sites of injury induced by the chilling treatment are clearly visible on the cucumber. Generally, damaged skins were more easily identified from the 756-nm images than from the 675-nm images. The set of images shown in figure 1 was chosen for analysis not only due to the extreme and rapid change in color appearance exhibited by the chilling damaged portions, but also due to the apparent common trends exhibited in these images that were shared among the images of other chilling injured cucumbers. Figure 2 shows typical ROI reflectance spectra of good-smooth and injured cucumber skins in the 450-to 950-nm region, extracted from the images shown in figure 1 . The progression of spectral features represents the formation of black spots on cucumber skins within 7 days of post-chilling RT storage. As the post-chilling RT storage time increased, the relative reflectance intensity was clearly observed to decrease over the entire spectral region. This reduced reflectance intensity was consistent with visual observation of damaged spots on cucumbers, i.e., the gradual appearance of dark/black color and the extinction of regular green color. The Fresh spectrum in figure 2 was from a fresh cucumber skin, which appeared bright green in color. An intense absorption near 675 nm indicates the existence of chlorophyll a species, a major pigment in fresh cucumber (Gross, 1991) . The spectrum (f) at the bottom, from an area of severe chilling injury, showed a completely different feature to that of the Fresh spectrum. As expected, no distinctive features were to be seen in spectrum (f), primarily due to the appearance of dark color in severe chilling injured skins. The progression of spectra (a) through (e) represents the development of chilling injury from trace to slight, moderate and severe degrees of damage. Although figure 2 shows the existence of distinct spectral differences between good-smooth and chilling-damaged cucumber skins, it was still challenging to identify chilling injured portions, partly because of slight injuries on individual cucumbers and partly because of great variations in color appearance from one cucumber to another. Therefore, a number of spectral classification techniques were attempted for a large number of cucumber samples. Figure 3 shows difference spectra that were calculated by subtracting the average spectrum of the seven ROI spectra in figure 2 from each spectrum. The difference curves clearly show the large variations in the 700-to 850-nm region between good-smooth and chilling damaged skins. There are at least three negative peaks near 756, 811, and 904 nm, which fluctuate greatly. However, there is little variation for the chlorophyll a absorption near 670 nm. In general, the reflectance intensities at 756, 811, and 904 nm decreased in the progression from fresh skin to chilling damaged ones, and the degree of reduction depended on the length of the post-chilling RT storage period. The 756-nm band in visible region could be assigned to degraded species of chlorophylls (Vernon and Seely, 1966) , and the 811-and 904-nm bands in NIR region to N-H and C-H vibrations (Osborne et al., 1993) .
RESULTS AND DISCUSSION
SPECTRAL FEATURES OF GOOD-SMOOTH AND INJURED CUCUMBER SKINS
ALGORITHMS FOR CLASSIFYING THE ROI SPECTRA OF GOOD AND INJURED CUCUMBER SKINS
Therefore, it was of interest to examine whether goodsmooth and injured cucumber skins could be distinguished based on a reflectance intensity difference. We developed a number of algorithms using three bands at 756, 811, and 904 nm, with the combination of both two-(three-) band ratio/subtraction algorithms and either the use of spectral reflectance (R) or log (1/R) readings. We found that the two-band ratio (Q 811/756 ) given in equation 1 provided the best separation results:
where Q 811/756 represents a quotient of spectral reflectances, and R 811 nm and R 756 nm are reflectances at 811 and 756 nm, respectively. Figure 4 shows the plot of the Q 811/756 values versus post-chilling RT storage time for 22 cucumbers that were given different periods of cold storage at 0°C. Plot A (upper) shows the Q 811/756 values from areas where at least one severe black spot had developed on the cucumber by the 7 th day of post-chilling RT storage; plot B (middle) shows the values from areas where at least one moderate injury spot (non black) had developed on individual cucumber at the 7 th postchilling day; and plot C (lower) shows the values from good-smooth areas that showed a consistent green appearance on the cucumber through the 7 th post-chilling day. As a comparison, fresh samples prior to chilling treatments were also included in the plots, labeled as Fresh. It can be seen that in plots (A) and (B), the Q 811/756 value increased steadily and became more scattered with the increase in RT storage time, whereas Q 811/756 value stayed relatively consistent for non-damaged (good-smooth) skins (C). Due to the difference in the degree of chilling injury, it is reasonable to observe that Q 811/756 values in figure 4B generally fall between the range of those in figure 4A and C. Also, figure 4A indicates an obvious increment in Q 811/756 value after approximately 2 to 3 days post-chilling RT storage. The Q 811/756 values in both figure 4A and B suggest that degradation of chilling injured spots develops quickly after 2 to 3 days in RT storage, with the first 0 to 2 days of RT storage corresponding well to trace and slight degrees of chilling injury, and the following 3 to 7 days of RT storage to moderate and severe injury.
Analysis of the Q 811/756 values in figure 4 suggested that Q 811/756 values range from 0.95 to 1.02 for most good-smooth cucumber skins and from 1.02 to 1.30 for obviously damaged cucumber skins. With a set threshold value of 1.02, (i.e., a sample was classified as good skin class when Q 811/756 < 1.02 and as injured skin otherwise), 93.7% of good-smooth skin samples and 92.6 % of chilling injured spots with the 3 to 7 days RT storage were correctly classified (table 1) . However, a relatively low separation rate (41.7%) for injury with the first 2 days of RT storage was observed, probably due to the following possible factors: (1) chilling damaged spots at trace and slight levels were similar to good-smooth spots in physical appearance and chemical compositions, (2) chilling injury symptoms had not started to develop for some cucumbers, and (3) chilling damaged skins had recovered to become good spots. One of the challenges in cucumber chilling injury detection is that cucumbers with bumpy skins normally exhibit dark color and closely resemble chilling injured spots. Equation 1 algorithm was applied to good-bumpy samples, and a correct classification of 96.7% was reached (table 1). The algorithm was also applied to other cucumbers, such as cucumbers at the 0 to 7 days post-chilling RT stages following 5°C cold storage treatment, fresh cucumbers, and RT control cucumbers. The results shown in table 1 indicate positive identification of over 95% for chilling injured samples at 5°C plus the 3 to 7 days RT storage and good-smooth skins (fresh and control), 85.8% correct classification for good-smooth skins at 0 to 7 days post-chilling RT storage after 5°C cold treatment, and 63.3% [a] Sample sets of good-smooth at 0°C, injury at 0°C, good-smooth at 5°C, injury at 5°C, and good-smooth (control) were undergone 0 to 7 days post-chilling room temperature (RT) storage; category of good-bumpy at 0°C was without room temperature storage after the chilling treatment; group of good-smooth (fresh) was without chilling and room temperature treatments. [b] Number in parenthesis was mean of correct classification for test sets without the consideration of Injury at 0°C and 5°C with post-chilling 0 to 2 days RT storage. [c] Due to insignificant injury symptoms, samples at 0 to 2 days post-chilling RT storage after 0°C cold storage treatment were excluded from the calibration set. [d] Numbers in parenthesis excluded the 0 to 2 days RT storage data.
correct discrimination for injury samples from cucumbers at 0 to 2 days RT storage after 5°C cold storage treatment. The overall correct classification in the calibration and test sets were 93.1% and 82.6%, respectively. The separation rate in the test set improved to 94.7% from 82.6% when the skins from cucumbers at 0 to 2 days RT storage after (0°C and 5°C) cold storage treatments were excluded.
To address the color effect from chlorophylls (675 nm) and carotenoids (560 nm), we also tested a variety of algorithms using the 560-and 675-nm spectral reflectances or log (1/R) readings, and obtained the best separation by the following equation (Liu et al., 2005) :
where S 675/560 represents the difference in log (1/R) of spectral reflectances, and R 675 nm and R 560 nm are reflectances at 675 and 560 nm, respectively Figure 5 plots the S 675/560 values for the same data set as shown in figure 4 . Although there was a scattered distribution for the S 675/560 values, the specific tendency of decreasing S 675/560 value for chilling injured skins (A) and (B) was evident, so did the relatively constant S 675/560 value for good-smooth skins (C). A relative difference in S 675/560 value existed between good-smooth skins and injured ones, and the obvious decrease in S 675/560 value occurs around 2 to 3 days of post-chilling RT storage (A), which is consistent with the result obtained by equation 1.
Statistics on S 675/560 (table 1) indicated that, with a threshold of 0.30 (i.e., a sample was classified as good skin class when S 675/560 > 0.30 and as injured otherwise), S 675/560 value only improves the separation of two types of samples, injury at 0 to 2 days post-chilling RT storage after 0°C cold storage treatment, and good-smooth skins at 0 to 7 days post-chilling RT storage after 5°C cold storage. However, the correct identification of good-bumpy skins at 0°C and good-smooth skins (control) in the test set reached only 16.4% and 32.1%, respectively; both are much lower than the classification rates from the Q 811/756 algorithm, indicating that the chlorophyll band alone is not sensitive enough to reflect the subtle physical and chemical variations among chilling damaged skins (there are minimum variations at both 560 and 675 nm in fig. 3 ).
In summary, the Q 811/756 algorithm provided better identification than the S 675/560 method, with a classification accuracy of 93.1% for the calibration set and 82.6% for the test set. It performed more accurately than the S 675/560 algorithm for seven of nine subsets, and yielded the medium and acceptable separation for the remaining two sample sets. The result demonstrated the importance of the dual bands, 811 and 756 nm, in the detection of chilling injured areas in cucumbers. This observation is in good agreement with hyperspectral imaging detection of bruises, defects, and feces on apples (Lu et al., 1999; Mehl et al., 2004) , in which both the 700-to 900-nm visible/NIR region and three visible/NIR bands (685, 722, and 869 nm) were found to be efficient in revealing imaging differences between normal and abnormal apple skins.
PCA CLASSIFICATION MODEL FOR ROI SPECTRA OF GOOD AND INJURED SKIN CLASSES
The usefulness of both the 811-and 756-nm bands in detecting the chilling damages on cucumber skins was observed from the successful classification results of using Q 811/756 algorithm. To validate the findings, multivariate data analysis using the PCA approach was attempted. Because of insignificant injury symptoms for samples at 0 to 2 days post-chilling RT storage after 0°C cold storage treatment, the spectral data of these samples were excluded from the calibration set. Therefore, a total of 489 ROI spectra, representing 285 good-smooth skins at 0 to 7 days post-chilling RT storage after 0°C cold storage treatment and 204 injured skins at 3 to 7 days post-chilling RT storage after 0°C cold storage treatment, were loaded into the PLSplus/IQ package in Grams/32 for discriminant analysis. The calibration set consisted of 190 good-smooth and 136 injury spectra; the remaining 163 spectra (95 good-smooth, 68 injury), selected by every third sample in the total data set, were used for model validation. A classification model was first developed in 450-to 950-nm region using two classes (good and injured) and with MSC + MC spectral pretreatment. For each of the two classes, the optimal number of factors was suggested to be 11. By applying two SIMCA classes (good and injured) to all 489 spectra in the calibration and validation sets and employing the class assignment rule of lower Mahalanobis distance, the sample was identified as either good skin or injured skin. The results showed that it was possible to distinguish good-smooth skins from injured ones with a correct classification of 91.9% (table 2) .
An independent test set, consisting of 823 cucumber skins under a variety of conditions, was used to examine the performance of the 2-class model on the basis of good and injured skins. When the model was applied to the test set, good-smooth spots from fresh and control cucumbers as well as chilling injured spots at 3 to 7 days RT storage after 5°C cold storage treatment were easily identified with a success rate of over 98%. However, at least 40% of injured skins at 0 to 2 days RT storage after either 0°C or 5°C cold storage treatment were misclassified as good-smooth skins (table 2) . Overall, the correct classification rate for the test set was 93.1% when the samples from injured spots at 0 to 2 days RT storage were excluded.
As a comparison, the discriminant model for the same data set was developed in the narrow spectral region of 733 to 848 nm, and the results are also summarized in table 2. It is encouraging to observe a slight increase in classification accuracy for the calibration set, from 91.9% to 92.3%. There was also excellent performance for samples in test set, including good-bumpy skins at 0°C, good-smooth skins at 5°C, injured spots at 3 to 7 days RT storage after 5°C, and good-smooth spots from fresh and control cucumbers. Notably, the correct prediction of good-bumpy skins at 0°C and good-smooth skins at 5°C was greatly improved. However, the correct prediction of injured spots (0°C and 5°C) at 0 to 2 days RT storage was reduced. The classification accuracy for the test set was as high as 98.4% when omitting the consideration of samples from injured spots (0°C and 5°C) at 0 to 2 days RT storage.
PCA models on the reflectance data with MSC + MC +2 nd derivative pretreatment resulted in a decreased classification rate, not only for the calibration set but also for the test set (table 2) . However, the results showed that chilling injured spots at 0 to 2 days post-chilling RT storage (after either 0°C or 5°C cold storage) were more easily identified using the second derivative spectral pretreatment than using raw reflectance data, but at the significant expense of the other sample types. Therefore, as a compromise, the model using raw reflectance spectra in the 733-to 848-nm region was determined to provide the best classification results among the models tested.
Comparison of the results shown in tables 1 and 2 suggests that classification using the simple dual-band ratio algorithm and using multivariate data analysis are comparable and consistent. Generally, the Q 811/756 algorithm yielded a slightly better discrimination rate than the PCA model for injured skins at 0 to 2 days RT storage. The results also indicated the importance of spectral bands covering the region of 733 and 848 nm in the detection of chilling injury on cucumber surface. Obviously, the Q 811/756 algorithm approach is preferable for the following reasons: (1) it is simple and there is no need for a calibration model; (2) it reduces the influence of chlorophyll and carotenoid components; and (3) it could be useful for the implementation of a Table 2 . Correct classification of two-group, good and injured cucumber skins, from ROI spectra using 2-class PCA model [ 
a][b]
Calibration Set [c] Test Set Calibration Set [c] Injury at GoodGoodInjury at Injury at GoodGood- [a] Spectral pretreatment with mean centering (MC) + multiplicative scatter correction (MSC). [b] Refer to table 1 for the description of sample subgroups in test set. [c] Calibration set consisted of 190 good and 136 injury spectra, and validation set included 95 good and 68 injury spectra (see text). [d] Numbers in parenthesis excluded the 0 to 2 days RT storage data. dual-band multispectral imaging system for on-line/off-line inspection of cucumber injuries and defects.
FEASIBILTY OF DETECTING CHILLING INJURY AT EARLY RT STORAGE
The above results demonstrated successful discrimination between good skins and injured skins at 3 to 7 days post-chilling RT storage, but also revealed the difficulty of positive identification of chilling injury at 0 to 2 days post-chilling RT storage. Here, we examined the chilling damaged samples at 0 to 4 days post-chilling RT storage (after 0°C cold storage) by subgrouping them into two groups, one representing the appearance of at least one severe black spot on individual cucumber skin at 7 th day (A) and another the appearance of at least one moderate injury spot (non black) on individual cucumber at 7 th day (B). As shown in table 3, the classification rates of both A and B samples steadily increased as expected with increasing RT storage time, and A samples were slightly easier to be identified than B samples. At least table 3 suggests the possibility of detecting the chilling injury at early RT storage, especially at the initial 0 to 2 days RT storage. It is suspected that detection results would be improved if the samples without obvious symptoms of chilling injury were separated from the data set.
COMPARISON OF DUAL-BAND ALGORITHM AND PCA MODELS FOR DETECTION OF CHILLING INJURY
The above results demonstrated the effectiveness of the dual-band ratio algorithm for the classification of ROI spectra of good and injured cucumber skins. Hence, it was of great interest to apply such a ratio algorithm in the analysis of hyperspectral images. Figure 6a shows the resulted dual-band ratio (Q 811/756 ) images of a cucumber undergone the 8-day chilling treatment at 0°C plus post-chilling 0-, 2-, 4-, and 6-day RT storage. The existence of at least three types of cucumber skins, good (shown in white), moderate chilling damaged/non-black (shown in slightly dark), and severe chilling damaged/black (shown in heavily dark), was clearly indicated. With the RT storage, the obvious appearance and increase in number of dark areas suggested considerable occurrence of chilling injury. Also, the variations in relative darkness implied the different levels of chilling damages, which in turn, reflected the sequential order in the development of chilling injury symptoms. Hence, it is possible to assign white areas as normal skins, and dark areas as injured ones. In fact, the ratio values for good and injured skins were in consistent agreement with those from earlier ROI data, making a possible threshold setting for the classification of chilling injured skins. In addition, no dark spots were observed in Fresh cucumber, and few injured areas were distinguishable in the cucumber immediately after the chilling treatment (0-day), as expected.
Although figure 6a showed an obvious discrimination between good and injured spots, these results could not be used alone to evaluate the performance of the dual-band algorithm in the detection of chilling injury quantitatively, because the exact number of chilling injured spots could not be easily determined. However, two possible methods of validating the effectiveness of the dual-band algorithm were to process the same images by using different algorithms/ multivariate data approach, and to analyze the known images (whose conditions were clear) by using the same algorithm.
To confirm the results observed from the dual-band algorithm, PCA was applied to extract useful information from the images in full or narrow spectral regions. Careful examination of a number of principal component (PC) images revealed that there was no large difference in the detection of chilling injured spots between the full spectral region (450 to 950 nm) and the narrow region (733 to 848 nm), which was in good agreement with the [b] Appearance of at least one severe black spot on individual cucumber skin at 7th day (severe injury). [c] Appearance of at least one moderate injury spot (non black/white) on individual cucumber at 7th day (moderate injury).
classification of ROI spectral data. Figure 6b shows the score of the cucumber image with respect to the first PC from the narrow region for the same cucumbers as those shown in figure 6a. As the first PC band explains more than 99% of the total variance, it contains the largest amounts of data variance. The remaining PC bands represent other details that are not common to all cucumbers, and some specific information might be lost in these PCs. In figure 6b , the first PC can be seen to enhance the contrast between the good skins (darkest areas), moderately injured spots (gray areas), and severely injured spots (white areas), although some difficulty may remain in locating some of the moderately injured spots.
Generally, the dual-band ratio algorithm produced images were nearly as effective in identifying chilling injury as those produced using the PCA method. Of particular interest, bumpy skins were correctly identified in dual-band ratio images ( fig. 6a ), whereas they were easily misclassified in the PC images ( fig. 6b) . The results suggested that the dual-band ratio analysis neither fails to detect the chilling injured spots nor overreact to non-chilling fractions. Consequently, the dual-band ratio algorithm is reliable and could be used to design a multispectral imaging system for chilling injury detection.
TEST OF DUAL-BAND ALGORITHM IN THE DETECTION OF CHILLING INJURY
Hyperspectral images of cucumbers with different treatments were collected to test the previous algorithm. Figure 7 shows the results for a cucumber before 12-day cold storage treatment at 5°C (Fresh) and then following the cold treatment plus 0-, 2-, 4-, and 6-day of post-chilling RT storage. For comparison, figure 8 depicts the results for a control sample cucumber (given no chilling treatment) at 4-day intervals during RT storage. Chilling damaged spots (shown as dark areas in fig. 7a ) started to appear for the treated cucumber at 2-day RT storage and subsequently became more extensive with additional RT storage time. As expected, no obvious chilling injury was observed in the cucumbers at the Fresh and 0-day RT storage stages. The second PC nearly matched the dual-band ratio algorithm in positively identifying chilling-injured spots (the darkest areas in fig. 7b ). However, PCA method also misclassified bumpy skins as chilling damaged ones, as can be seen by the darker spots in figure 7b for the Fresh and 0-day RT cucumbers.
Obviously, control samples, those always stored at RT, should not have any chilling injury symptoms. Hence, it is reasonable to observe such unaffected cucumber surfaces, besides the native spots ( fig. 8) . Similarly, the third PC images showed more recognizable bumpy skins than dualband ratio images.
Comparison of the images in figures 6 through 8 suggested that the correct detection of chilling injured areas from simple dual-band ratio algorithm is well validated by both additional processing method and the cucumbers at different conditions. Therefore, the analysis from the dual-band ratio algorithm is consistent, reliable, and effective. Major advantages of utilizing the 811-and 756-nm bands are to reduce the influence from the chlorophyll component and to eliminate the likelihood of misclassifying bumpy skins as injured ones. 
DETECTION OF EARLY STAGE CHILLING INJURY USING DUAL-BAND ALGORITHM
The obtained results suggested that the dual-band algorithm might be successfully implemented in image analysis for the detection of chilling injury in cucumbers. However, it revealed the difficulty of singling out the chilling injured portions in cucumbers that were scanned immediately after the chilling treatments. To understand the effect of both chilling temperature (0°C vs. 5°C) and the subsequent RT storage on cucumbers, figure 9a through 9d show dual-band images of two sets of cucumbers given either 5 or 14 days of 0°C cold storage, and figure 10a through 10d show dual-band images of two sets of cucumbers given either 5 or 14 days of 5°C. Each set of cucumbers can be compared at the stages of 0-and 2-day post-chilling RT storage. As anticipated, there were more chilling injured areas in cucumbers with longer chilling treatment ( fig. 9a vs. 9b; fig. 10a vs. 10b), and with lower chilling temperature ( fig. 9 vs. fig. 10 ). After the first 2-day of RT storage, symptoms of chilling damages developed obviously and extensively ( fig. 9c, 9d, 10c , and 10d), making chilling injured spots more easily identified. Hence, detection of chilling injury in cucumbers strongly depended on the duration and temperature of chilling treatment, and also on the period of post-chilling storage. 
CONCLUSIONS
The results of this study demonstrate the effectiveness of hyperspectral imaging technique in the characterization of the changes associated with chilling injury of whole cucumbers. Spectral features of chilling damaged skins varied from higher reflectance to lower reflectance with increasing time at post-chilling room temperature (RT) storage. Such a spectral difference forms the basis for the identification of injured skins in cucumbers.
A number of methodologies were applied to analyze and classify ROI spectra of good and chilling injured cucumber skins. The results revealed that both a dual-band algorithm and a multivariate PCA model could be used to perform the classification analysis between good and injured skins classes with a great success of over 90%. Particularly, the findings of the Q 811/756 algorithm and a narrow 733-to 848-nm spectral region are the most important in the development of a multispectral imaging system for on-line inspection of cucumber injuries and defects. This spectral region can reduce the effect of the natural pigments, such as chlorophylls and carotenoids, on the separation of goodbumpy skins from chilling damaged ones.
Application of the dual-band ratio algorithm to the analysis of hyperspectral images for the detection of chilling injury was well confirmed by additional processing method and cucumbers at various conditions. Dual-band images showed more correct separations than PC images. Consequently, the Q 811/756 algorithm can be incorporated into a dual-band multispectral imaging system. Notably, detection of chilling injury at early stage with insignificant injury symptom was relatively difficult, because the development of chilling injury was affected by the elapsed time after chilling damage, and also the period and temperature of chilling environment.
